Here we investigated the role of fhk1, encoding a class III HK of F. oxysporum. 24
Our study addressed three major questions: 1) Is Fhk1 required for correct cellular 25 adaptation to stresses, 2) Is Fhk1 required for root infection and virulence and 3) Does 1 Fhk1 interact with the Fmk1/Ste12 signalling pathway? We found that deletion mutants 2 lacking the fhk1 gene were resistant to phenylpyrrole and dicarboximide fungicides, 3
showed increased sensitivity to hyperosmotic and oxidative stresses, and displayed 4 reduced virulence on tomato plants. Interestingly, the increased sensitivity of fhk1 5 strains to oxidative stress was restored to wild type level in a fmk1fhk1 double 6 mutant, providing new genetic evidence for an interaction between the Fmk1 and the 7 Fhk1 signalling pathways. oryzae Hik1 (77.6%), C. heterostrophus Nik1 (61.4%) and C. albicans Nik1 (47.3%) 12 (Fig. 1B, C) . Based on these data, we conclude that F. oxysporum fhk1 is the ortholog of 13 N. crassa os-1. 14 To explore the biological role of Fhk1 in F. oxysporum, a fhk1 null allele was 15 generated by replacing most of the fhk1 open reading frame with the hygromycin 16 resistance cassette, using a PCR fusion method (Suppl. Fig. 1A , see Experimental 17 Procedures for details). The knockout construct was introduced both into the wild type 18 strain and the fmk1 mutant to study possible epistatic relationships between the two 19 genes. Hygromycin resistant transformants were analyzed by PCR with different 20 combinations of gene-specific primers, identifying six and one transformants, 21 respectively, which produced amplification products indicative of homologous 22 integration-mediated gene replacement (data not shown). Southern blot analysis of these 23 transformants confirmed the replacement of a 6 kb EcoRI fragment corresponding to the 24 wild type fhk1 allele, by a fragment of 2.8 kb (Suppl. Fig. 1B ), demonstrating that these 25 transformants, which were named fhk1 and fmk1fhk1, respectively, lacked a 1 functional fhk1 gene. By contrast, transformant efhk1-1 still showed the wild type 2 fragment, together with another hybridising fragment, suggesting that it contained an 3 ectopic insertion of the knockout construct (Suppl. Fig. 1B) . 4
To confirm that the phenotype of the fhk1 mutants was indeed caused by loss 5 of fhk1 function, a 9 kb DNA fragment encompassing the complete F. oxysporum fhk1 6 gene was introduced into the fhk1-2 strain by cotransformation with the phleomycin 7 resistance marker. PCR with gene-specific primers Fhk1-1 and Fhk1-2 produced a 6 kb 8 amplification product, identical to that obtained from the wild type strain, in two 9 phleomycin-resistant transformants, but not in the fhk1-2 mutant (Suppl. Fig. 1C ). We 10 concluded that these cotransformants, denominated fhk1+fhk1, had integrated an intact 11 copy of the fhk1 gene into the genome. 12 13
Fhk1 is not required for vegetative hyphal growth 14
To test whether fhk1 was required for vegetative hyphal growth, colony growth 15 rate was determined on synthetic medium (SM) adjusted to pH 4.5 or 6.5. As reported 16 previously (Prados-Rosales and Di Pietro 2008), the fmk1 strain showed a significant 17 reduction in growth rate compare to wild type at both pH values (Suppl. iprodione, compare to SM without fungicide (Fig. 2) . By contrast, growth rates of fhk1 7 and fmk1fhk1 mutants were not affected by the presence of either type of fungicide. 8
Complementation of fhk1 with the native fhk1 gene restored fungicide sensitivity to 9 wild type level ( Fig. 2) . We conclude that Fhk1 mediates sensitivity of F. oxysporum to 10 phenylpyrrole and dicarboximide fungicides. Under salt stress (NaCl and KCl), the fhk1 mutants showed a similar reduction 22 in radial growth as the wild type strain, whereas polyol-induced osmotic stress led to a 23 more pronounced growth inhibition, indicating that fhk1 mutants are more sensitive to 24 high concentrations of glycerol than wild type (Fig. 3A) . Under all three conditions of 25 hyperosmotic stress, the colony morphology of the fhk1 mutants differed drastically 1 from that of the wild type. In contrast to the wild type or the fmk1 strain, whose colony 2 morphology was normal, albeit with a slower growth rate, colonies of the fhk1 mutants 3 appeared very compact with extremely short extending hypha ( Fig. 3A and B) . The 4 fmk1fhk1 double mutant showed the same morphological defects as fhk1, and a 5 more pronounced decrease in growth rate compared to the fmk1 strain. Collectively, 6
these results indicate that 1) Fhk1 is required for correct adaptation to hyperosmotic 7 stress, 2) Fmk1 acts as a negative regulator of osmotic stress adaption and 3) Fmk1 and 8
Fhk1 are acting in independent and additive pathways since the double mutation leads 9 to a more drastic phenotype. 10 11
Fhk1 contributes to the oxidative stress response 12
The oxidative stress response in fungi has been shown to depend both on the 13 wild type and the fmk1 strains, but had a more drastic effect in the fhk1 mutants (Fig.  20   4) . Interestingly, the double fmk1fhk1 mutant only had a mild phenotype, similar to 21 the wild type and the fmk1 strains. No significant differences in growth inhibition 22 between the different strains were observed in response to hydrogen peroxide (Fig. 4) . 23
Similarly, no differences were observed between wild type and fhk1 strains in 24 response to 1 mM sodium nitrite (Fig. 4) . However, nitrosative stress lead to a 25 significant decrease in growth rate in the fmk1 and the fmk1fhk1 mutants (Fig. 4) . We 1 conclude that 1) Fhk1 contributes to tolerance to menadione-induced oxidative stress, 2) 2 Here we demonstrate that Fhk1 is required for normal sensitivity of F. 5 oxysporum to phenylpyrrole and dicarboximide fungicides (Fig. 2) . This result confirms 6 the involvement of class III HKs in sensitivity to phenylpyrrole, dicarboximide and ., 2005a) . In F. oxysporum, we detected a similar trend since fhk1 11 mutants were more sensitive to glycerol than to salt stress. Strikingly, growth of the 12 fhk1 mutants under both types of hyperosmotic stresses was associated with a clear 13 morphological phenotype: fungal colonies showed a dense and compact colony 14 morphology with very short hyphae and more aerial mycelium than the wild type strain 15 (see Fig. 3B ). To our knowledge, such a morphological switch in response to 16 hyperosmotic stress has not been reported previously in filamentous fungi. Our finding 17
indicates that the Hog1-dependent stress response may be more complex than 18 previously thought, or that Fhk1 may recruit other signalling pathways in addition to 19
Hog1. The fact that knockout mutants in sak1, the B. cinerea Hog1 ortholog, are still 20 sensitive to fungicides supports this second hypothesis and suggests that other signalling 21 pathways could also be recruited by these HKs (Liu et al., 2008) . 22
In the dimorphic human pathogen B. dermatiditis, a class III HK was shown to 23 control yeast-to-hyphal transition, a process related to pseudohyphal growth in S. 24 cerevisiae which is mediated by the conserved MAPK Kss1 (Nemecek et al., 2006) . In 25 plant pathogenic fungi, Kss1 orthologs such as F. oxysporum Fmk1 play a key role in 1 plant pathogenicity (Di Pietro et al., 2001 ). Since the upstream elements of Fmk1 are 2 still unknown, we reasoned that Fhk1 could function as an upstream element of the 3 Fmk1 pathway. As the fmk1 mutant had the same sensitivity to fungicides and to 4 osmotic stress as the wild type (see Figs. 2 and 3) , we conclude that Fmk1 is probably 5 not a direct downstream element of Fhk1. However, we found evidence suggesting that 6 the Fmk1 and the Fhk1 pathways may interact to control the response to menadione-7 induced oxidative stress. Thus, the increased sensitivity to menadione of the fhk1 8 mutant was rescued to wild type levels in the fmk1fhk1 double mutant (see Fig. 4) , 9
indicating that Fmk1 may be a negative regulator of the oxidative stress response, and 10 that one function of Fhk1 may be to inhibit Fmk1 during response to oxidative stress. 11
The role of Fmk1 in stress responses may be even more complex, since we observed 12 that fmk1 mutant is slightly more sensitive to nitrosative stress, which is generally 13 . Southern analysis and probe labelling were carried out as described (Di Pietro  21 and Roncero, 1998) using the non-isotopic digoxigenin labelling kit (Roche Diagnostics 22 SL, Barcelona, Spain). Other routine DNA procedures were performed as described in 23 standard protocols (Sambrook and Russell, 2001) . 24
For sequencing of the fhk1 gene, genomic DNA of F. oxysporum was used for PCR 1 amplification with primers Fhk1-For/Fhk1-KO1, Fhk1-1/Fhk1-2 and Fhk1-KO2/Fhk1-2 Rev designed from conserved regions of F. graminearum and F. verticillioides fhk1 and 3 its flanking genes (Suppl. Table 1 ). The amplified DNA fragments were cloned into the 4 pGEM-T vector (Promega, Madison, WI). Sequencing was performed at the Servicio de 5
Secuenciación Automática de DNA, SCAI (University of Córdoba, Spain) using the 6 Dyedeoxy Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) on 7 an ABI Prism 377 Genetic Analyzer apparatus (Applied Biosystems) using the pGEMT 8 vector specific primers SP6 and T7 as well as gene-specific primers (Suppl. Table 1) . 9 DNA and protein sequence databases were searched using the BLAST algorithm 10 et al., 1987) . In the second reaction, the two fhk1 flanking regions were 23 mixed with the hygromycin B resistance cassette in a molar proportion 1:1:3 and fused 24 using the external Fhk1-1 and Fhk1-2 primers (Suppl. Table 1; Fig. 2 ). The construct 25 generated was used to transform protoplasts of the F. oxysporum wild type strain or the 1 fmk1 mutant to hygromycin resistance, and transformants were purified by 2 monoconidial isolation as described (Di Pietro and Roncero, 1998). Transformants  3 showing homologous insertion of the construct were detected by PCR amplification of 4 genomic DNA with primers Fhk1-1 and Fhk1-2, and confirmed by Southern analysis of 5 genomic DNA digested with PstI and hybridized with a labelled probe obtained by PCR 6 amplification with primers Fhk1-KO2 and Fhk1-2 (Fig. 2) . For complementation 7 experiments, a 9 kb DNA fragment encompassing the entire fhk1 gene was amplified by 8 PCR from F. oxysporum genomic DNA using primers Fhk1-for and Fhk1-2 (Suppl. 9 Table 1 Conidia of the indicated strains were spotted onto plates containing synthetic medium (SM) or SM with 10 mg ml -1 fludioxonil or 10 mg ml -1 iprodione and grown at 28ºC for 3 days.
Figure 3 Conidia of the indicated strains were spotted onto plates containing SM or SM with 10 mg ml -1 menadione or 1 mM NaNO 2 and grown at 28ºC for 3 days. For H 2 O 2 sensitivity assays, conidia were spread onto SM plates and grown for 1 day at 28ºC before placing a filter disk saturated with 3% H 2 O 2 at center of the plates and grown for two additional days at 28ºC prior assessing growth inhibition by measuring of the clear halo surrounding the filter disk. Severity of disease symptoms was recorded at different times after inoculation, using an index ranging from 1 (healthy plant) to 5 (dead plant). Error bars represent standard errors calculated from 10 plants.
